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Abstract:

1 ’lanctary camera images of HIL Tauri have been obiained through V, R, and 1 band filters
using the Wide Field an(yl’lanctary Camera 2 aboard tlicrefurbished Hubble Space Telescope. (
These images show that 111, Tauri is entirely reflection nchulosity at optical wavelengths, with no
optical star visible to alimiting magnitude of V== 2.5.5. The optical nehula extends NI of the stellar

position along the direction of 111, Tau’s optical jet and has an unusual “letter ¢ morphology.
The bright core of thenebula is only 17 in sire, and is centered only 1.2" from the actual stellar
position. Wc estimate that visual extinction toward the unseen point source is at least 22 mag, and
that the stellar photospheric luminosity must be at least 3 L. These{indings corroborate other

cvidence that this star is significantly youn ger and more cmbedded than typical ‘I Tauristars.
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I. Introduction

H1, Tauri has been considered a prototype solar-mass T Tauri star with a circumstellar disk
analogous 10 the early solar nebula prior to planct formation (Sargent.1989).Scveral propertics of
HL Tauri suggest thatit is unusual among T Tauristars. It is the source of a collimated optical

o7 (7

jetat 1'A 51°. Strong blueshifted forbidden linc emission emission' is sup(»}'])oscd on the stellar * ©
\

/{ s

spectrum, indicating that the jet forins very close to the st ar (Mundi ef al. 1990). HL Tau is also
an exceptional object interms of ills circumnstellar material propertics. 1t has the highest optical
polarization (11%) among the 1 Tauri stars surveyed by Bastien (1982). Infraredice and silicate
absorption features are present in its spectrum (Whittet ¢f al. 1983; Cohen and Witteborn 1985).
It is a strong IRAS source and one of the few T Tauri stars with a flat spect ral energy distribution
out to 100 yun (Adams, lLada, and Shu 1988).1n the millimeter and submillimeter continuum,
HL Tau is by far the brightest source among all the T Tauri stars in Taurus, with a circumstellar
mass near 0.1 Mg, being indicated (Beckwithet a. 1990). Milliimeter interferometer maps show
a flattened distribution of '3CO molecular emission extending to radii of 2000 AU (15”; Sargent
and Beckwith 1{191), with a velocity structure consistent with a combination of rotation and infall
motion in a circumstellar disk (Hayashi, Ohashi, and Miyama 1993). Submillimeter and millimeter
interferometry show that the densest part of the disk ismuch smaller (().7" = 100 AUin diameter:
Lay et al. 1994; Sargent and Koerner 1995). A final distinguish iing charac teristic of HI, Tau is that
it is classified as a “continuum star” - the stellar spectrum shows only weak intermittent absorption
features (Cohen & Kuhi 1979). This has been interpreted as strong veiling of the photospheric
spectrumn by continuum emission produced by accretion onto the centralstar (Basri and BBat alha
1990). T'he combination of unusually prominent signatures of outflow, circumstellar matter, and
accretion suggest that Hl Tau is younger than typical T' Tauri stars, and thus it may be one of

the few optically visible protostellar objects.

High spatial resolution imaging of 111, Tau at visible wavelengths is of great interest, for it
offers the opportunity to probe the distribution of matter and optical depth in the circumstellar

disk and cnvelope. Spectral models predict that, the disk should opaqgue at visible wavelengths
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(cf. Beckwith el al. 1990), and thus only its outer surfaces should he illuminated. Models for the
visible light scattcred by such disks and associated cnvelopes have been calculated by Whitney and
Hartimann (1992,1993). Our ST observations were designed to study this circumstella r reflection

nebulosity against the bright background of the stellar point spread function.

II. Observations

Three images of 111, Tau were obtained using the Wide I*‘iol(\ and Planctary Camera 2 (VV]“]’CQ)‘\1
aboard the ITubble Space Telescope (HST). The corrective ()])Li(; of of WFPC2 compensate for the
spherical aberration present in 11 S17s primary mirror, yielding a pointspread function full width
half maximum of (),12“ at A==555nm. A review of the WI'IPC2 on-orbit status is given by Trauger
ctal. (11994). 'J‘h(‘f]]]/J‘auimagos were taken using the {/28.3 Planetary Camera (1 pixel= 0.0455”)
on February 27 1994, with the following filters and exposure times: 1'555W, 350 sec; F675W, 120
see; and 1~8i4)W, 60 sce. Iinage processing steps included subtraction of bias levels derived from
rows 8-14 of the overscan, subtraction of a superbias image, subtraction of a composite dark frame
scaled to the individual exposure times, the removal of cosinic rays via replacement of aftected pix-
cls by alocalmedian, and flat ficlding. Photometric calibr ation of theimages was done using data

from version 2,() of the WI'PC2 Instrument Handbook (Burrows 1994), Astrometric calibration of

these images was done using the solution given by Holtzman ¢l ol. (19!15).

I11. Results

The most striking feature of these images is the complete absence of anoptical stellar point
source; only reflection nebulosity is present (Fig.Jand Fig. 2a). The nebula scen by HST is just a
few arcsceconds across, and thus must represent the bright inner core of thereflection nebula which
extends beyond1 O from 1, Tauin al dircctions (Gledhilland Scarrott1 989). Most of the oplical
light comes from the central arcsecond?, a fad which accounts for how the nebula was mistaken
for the star itsell in ground-based studies. This bright central region has anunusual “letter C*

morphiology, with the arms of the “C” pointing north. Thesouthwestern edge of thenebula is
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sharp; other edges are much more diflusec.

The distribution of the V-l (F555W-I'814W) color in t he nebula is shown in Fig. 2b. As would
be expected from ground-based photometry, the nebula has an overall red color. The brightest
part of the nebula is also the least red (V}::b 1 1nag), with the bluest region found just north of
the bright castl-west) bar which forms the back of 1 he «(cy. Greatest reddening is found on the faint,
SW edge of the nebula, with V-}:; 2.5 mag a a spot in this region. The dark region forming the

1
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interior of the nebular “C” shows little color difference from its surroundings.

It is critically important to establish the stellar position of111, Tau with respect to the optical
reflection nebula. The most precise stellar position available is given by Rodriguez et al. (1994)
from VILA 3.6 cinradio continnummanps: a-= 04’ 28" 44.38, =+ 18 °07'35.0'" with anuncertainty
of O. 17; thisagrees well withthe 1.3 mm continuuin position determined by Sargent and Koerner
(1995). Unfortunately only one guide star is visible to the HST Fine Guidance Sensors when
observing HI, Tau, and thus it was not possible to determine a good position for the optical nebula
from our observations. lerbig and Bell (1 988) and Strom et al. (1 986) give absolute optical
positions for 111, Tau which, although disarming by a full arcsecond, both place the nebula NE of

the radio position by more than 1°.

The only satisfactory way to locate the star inthe HS'T frames is to assume that the VILA radio
continuum source is spatially coincident with the star itsclf and use t he nearby star X7 Tau as a
reference point. X7 Tau lies about 24" cast of 111, Tauand is aso detected at 3.6 em by Rodriguesz
el al. Using the offset between the VLA positions of these two stars, it should be possible to
determine the radio position of ML Tau in the HST images to within 0.2”. Unfortunately X7 Tau
itself dots not appcar on our PC image; it, falls just ofl the top right corner of the PC detector, and
thus is not imaged by any of the WI' cameras. We canstill proceed without knowledge of X7 ‘Jau>s
position by using it as a reference point for offset, astrometry. The vector between the 111, Tau radio
source and the optical nebula is simply equal to the difference between the X7 /111 radio offset
vector andthe X7/1 11, optical oflset vector. The radio offset vector is Aa=: -23.9", Ad=+ 0.5".

Optical ofl’set vectors derived from Herbig and Bell (198S) (Aa = --22.5", A§ ==+ 1.0") and Strom
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el al. (1986) (A =-- -22.8", Ad=:-11.0") disagrec with cach other by 0.3”. Inhopes of resolving
this discrepancy, we have measured the oflsct hetween HI and X7 Tau using V- band CCD images
obtained at the Lowell Observatory Hall Telescope in March 1994. After solving for the plate
scale androt ationin this direct imaging system using an astronietric ficld in M67 (Montgomery,
Marschall, and Janes 1993), we find an optical offset vector of Aa= -- 23.0", Ad=-+ 0.7", withan
uncertainty 0.2"; this result dots not agree with cither of t e published offsets. Thus the available
ground-based astromcetry canonly constrain the centroid of the optical nebula to lie generally NI9
of the VLA position at a distance between 0.9 and 1.4” . This rules out the possibility that the

star could lic within the bright nebulosity.

Although X7 Tau dots not appear in our imiages, il does lic close enough to the edge of the
Planctary Camera immage so that sharp diffraction spikes can be scen. X7 Tau is a close binary
(Haas el al. 1990), and the spikes at PA99° arc clear].v doubled wit h a separation of 0.3”. It
is not yet clear which optical component corresponds t o the unresolved X7 Tau VLA source,
so we adopt thie center of the system as a compromise reference point.  The intersection of the
perpendicnlar diffraction spikes defines the “virtual” pixel position for thie center of the X7 Tan
system: @ = 768, y = 822. Using the oflsel between the Hl Tau and X7 Tau radio sources reported
by Rodrigucz ¢t al., and carefully accounting for the effects of WEPC2’s field distortion onthe
offset astrometry, we derive @ =463,y = 385 as the pixel position for the star. This places the
entire nebula on the northeast side of HL Tau, with the centroid of the scattered light offset by

1.2 at PA=59° There is very little ncbular light at the inferred stellar position.

The position determined for the star is quite reasonablein light of what is known about other
young stellar object reflection nebulae. First, the star is located onthe side of the nebula opposite
1o the blucshifted optical jet - that is, “upstream” of thenebula as would be expected. Second,
the star is found on theside of the nebula which has thie most sharply defined edge (see Fig 2a.)
The concentration of cirenmst cllar mattier at the central object should lead to larger absorbing
columns and thus steeper gradients in nebular light as t he stellar posit jon is approached, just as

we obscerve for 111, Tau.




To establish limiting magnitudes for 11, Tau itsclf, 1 ’lanctary Camecra point spread functions
of variousamplitudes were added into theimages at the radio position established above. Ior each
image ascaling level for the 1'S}” was determined, below which a I’SIF hecame indistinguishable
by eye against the background emission. The results lead to the following limiting magnitudes:
V>25.5; 1{>24,(); and 1>22.9. The | limit reflects the measured brightness of the red spot in Fig.
2b., which is 0.3 mag brighter than our senstivity limit. These limits arcncarly 10 magnitudes

fain ter than the reflection nebula itself at al threc wavelengths.

IV. Discussion

It is not entirely surprising that we have found HI. Tau to be an emhedded young stellar object.
One major clue is the star’s large optical polarization of 11%; in their modeling of the scat tering
cnvelopes of youn g stellar objects, Whitney and Hartmann (1992,1993) found that it, was very
difficult o obtain such a large polarization without obscuring the centralstar. Another cluc is the
presence of infrared ice and silicate absorptions in the star’s spectrum, both of which argue for
extinetions several times greater than those derived by fitting the star’s optical spectrum (Cohen
1983). It is now apparent, that optical and infrared light follow different paths to the observer, and
thus arce aflected by different amounts of extinction. Lastly, it had been believed that the ratio of
infrared to optical luminosity for 111, Tau was fairly large (7,0). Hamann and Persson (1992) have
identified a 810Up of such sources whichincludes Il [ Fau, and suggested that their spectral energy

distributions might be distorted by reflected light.

a. Ncbula Morphology

Atits bright core, the DL Tau reflection nebula appears significantly different from typical
young stellar object reflection nebulae observed at arcsecond resolution. Rather than a smooth
cometary nebula distributed symmetrically about the outflow axis, theinner core of the HI, Tau
nehula appears clumpy and lacks the outflow symmetry (Fig. 3). Most of’ the nebular light

originates in a “C” shaped ridge of emission. On much larger scales a similar morphology is seen
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in the 1 83 reflection nebula (Reipurth 1989); however, inthe case of 111, Tauthe jet, axis dots
not trace through the open side of the “C”. It is unclear whether sue]) unexpected subarcsecond
structures arc peculiarto 111, Tau, or whether they might also be revealed in other Y S() reflection

nebulac whenimagedat 11 ST resolution.

The only available ground-based image which approaches 1187 resolution is the 0.4” resolution
1{ band infrared speckle map of Beckwith el ol. (1 989). We have transformed this 2 pm image
to a common size scale with the WFPC2 FE55W image, and aligned them by assuming spatial
coincidence between the infrared star and the 3.6 e VLA source. The result, is shown as a contour
overlay in Iig. 3. The star and SW lobe of the 2 pmnchula are absent from the WEFPC2 image
due to the much larger cxtinction at 0.55 pm. Thercare two clear similarities in nebular structure
Lictweenthetwo wavelengihs., First, some of the brightest nebulosity extends castward from the
star as a narrow ridge of cmission (the back of the optical “C”). The optical ridge is offset north
of its infrared counterpart. Second, a faint arc of cmission sweeps nort I from the stellar position;
the optical arc is offset cast of its infrared counterpart. These similar structures and their offsets
with wavelength can be understood if the blueshifted outflow has cleared a cavity along the outflow
axis. Alongihe walls of this cavity, the reflecting surface for optical light willappear interior to the
reflecting surface forinfrared light (2. (:.5\(:10301' t o the out flow axis), for optical photons penetrate
a much sinaller colimn of cavity wall material before being scattered. Thus the optical structures

appear offset toward the outflow axis, as we obscrve.

It is unclear what gives rise tothe “C” structure in the optical nebula; two possibilities are
the distribution of absorbing matcrial or the distribution of reflecting material. A foreground
clump in the circumstellar envelope could superpose a dark blot on what might otherwise appear
as a symmetric cometary nebula. Sucly a clump need not be very massive, and is unlikely to be
dynamically stable. The clump is absent at 2 jan, which for a standard reddening law suggests
that A y could be at most a few magnitudes. However, little or no reddening is observed in the
dark interior of the “C” (¥ig. 2b). As for reflecting material, the “C” could arise fromn cither
enhanced reflection at the bright regions (a special scattering geometry?)or diminished reflection

in the interior of the “C” (Jower column density of scatterers). A final possibility is that shadowing
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occurs along the nebula’s line of sight to the stellar photosphere. 1 ’olarization imaging will help
Lo discriminate among these scenarios. The NE arm of the nebular “C” is hounded by the axis of
the optical jet, which suggestis that the outflow dots play a role indefining the unusual shape of
this nebula. It should he emphasized that the nebula is 1 casonably symmetric about the outflow

axis atlow sul’face brightnesslevels, and thus anilluminated outflow cavity remains the general

framework for any model that explains the “C” morphology.

There is no direct evidence for 111, Tau’s circumstellar disk in our WFPC2 images. This
is not really surprising, as the disk is belicved 10 be ver y optically thick at visual wavelengths
and thus st arlight cannot penetrate its int erior. However, the disk should truncate the optical
reflection nebulosity in the region nearest the star; thus the disk orientation can be inferred from
the position angle of the dense contours on the SW side of the nebula. These contours follow
PPA 145°, which agrees closcly with the direction of clongation of thiclarger scale '3CO structure
(Hayashi, Ohashi, and Miyama 1993; Sargent & Beckwith 1991 ), of tlic arcsecond scale! 1.3 mm
continuumn core (Sargent and Koerner 1 995), and of the subarcsecond 870 pm continuum source
(Lay ¢t al. 1994). Rodrigucz et al. have proposed a disk orientation near ’A 90° on the basis of an
castward extension of 3.6 cin continuum emission in thelr VLA maps. Our 11S'1 observations do
not SUPPOrt this, and suggest instead that the radio extension could be tracing the same structure

which gives rise to thecast ridge of opticaland near-]1{ necbulosity a the same location.

If the dense contours on the SW edge of the nebula do {race obscuration by the circumstellar
disk, thenfurtherinferences canbe made about the formation of the cavity. The region where the
nebular contours lie parallel to the disk plane extends over a lincar distance of about 100 AU (0.77);
this should correspond to the diameter of the outflow cavity where it meets the disk plane. This
diameter is essentially the same as the disk diameter measured at submillimeter and millimeter
wavclengths (1, ay et al. 1994; Sargent and Koerner 1 995). This agreement. is unlikely to be mere
coincidence; instead, it suggests that a single physical p rocess determines the size scale of both
structures. This process could be infall, in which case the anisotropic collapse of a rotating cloud
core produces the existing disk and leaves behind evacuatced polar cavities (1 3oss 1987), Under this

interpretation, the lincar extent of parallel contours at the SW edge of the nebula would correspond
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to the diameter of’ the centrifugally Subported disk.  Anot her possible explanation for the similar
sizes of the disk and the base of the optical nebula could be adisk wind origin for an outflow which

creates the cavity.

With the star scen only by reflected light, it is possible that the kinemat ics inferred from the
radial velocitics of optical spectral features may be distorted near the star. optical emission lines
fromthe jet could be anomalously blueshifted by reflection from stationary material along the jet
axis. T'his ¢ flect has been observed in the form of high velocity blue wings in the 1T 1 jet by Solf
and Bolnn (1991). Sim ilarly, redshifted 8800 AC, absorption features observed by Grasdalen el
al. (1989) could arise via infall of the reflecting clouds toward the star instead of infall along our
line of sight to the nebula. Circumstellar kinemat ics derived from A < 1;nn spectroscopy must be

interpretated with caution,

b. Stellar Characteristics of 111, Tau

Absorption features have occasional ly been seen in the optical spe ctrum of H1, Tau, and from
these a stellar spectral type of K7 was estimated by Cohen and Kuhi (1{)79). P’revious workers
have assured that the optical photometry of Il Tau coyresponded to a reddened Tepr= 4000
K photosphere, andfit the optical spectrumto derive the extinction and the stellar luminosity.
Best prior estimates of these parameters were an extinction Ay = 3-7 mag and a luminosity
of 1 L (Beckwith et al. 1990; Adams, Imerson, and Fuller 1989). "T'he optical invisibility of
the star reported in this paper clearly indicates that these previous Juminosity and extinction
determinations must be revised, and that a new assessment of 11, Vau’s stellar characteristics and

evolutionary state is required.

Any study of HL Tau’sspeciral energy distribution must begin by identifying the contribution
of the stellar photosphere. Unfortunately, it is now clear that no direct optical photometry of
the star is available; there is only the brightness of the compact reflection nebula, and limiting
magnitudes at the stellar position. Thusit is not possible to derive dirccily astellar luminosity and

extinction without introd ucing outside assumptions. One siimple approach is to use the photomictry
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A v
of the reflection nebula to infer the stellar magnitudes. The integrated nebula brightness reflects 1L
Taw’s optical magnitude (li(in}‘:]ié(l by the extinction along the star-nebula-observer path and by the

H
nebula’s fractional solid angle as seen from the star. The opening angle of a cone whose vertex is at
the stellar position and whose surface spans the fourth lowest contour in Fig. 2a (surface brightness
== 17.2 mag per arcsec?) is about 90°, which when converted 1o a fractional solid angle means that
the observed nebula intercepts no more than 15% of the optical light from the star. Assuming
that the reflected light distributes isotropically, and that groun(}basc(l extinction determinations
arc correct for the indirect path followed by light from the star, the nebular solid angle suggests
that the truc optical luminosity must be 6-7 times greater than previous ground-based  estimates,
or 6-7 L. This geometrical gain factor is dependent on the exact distance between the star and
the nebula, and thus must be considered uncertain by 30 %. Additional uncertainty comes from
the unusual nebula morphology, which suggests that some of the starlight cmerging within the

nebular cone might escape and not be be observable via roflection.

A sccond approach for estimating the stellar luminosity is to extrapolate the stellar spectrum
into the visible from near-infrared wavelengths, and integrate this to derive a luminosity. With the
optical emission from the system dominated by reflected light and the infrared emission dominated
by circumstellar matter, the near infrared photometry offers the best opportunity to isglatc pho-

2
tospheric fluxes. At 2.2 yan in particular, the speckle image of Beckwith ef al. (1989, 9%5’4) clearly
shows a point source which contains 70% of the total 2.2 yon flux. The integrated K magnitude for
HIL Tau is 7.1 (Strom cf al. 1989); the point source by itsel { thus corresponds to K== 7.5. However,
this point source includes other sources of emission in addition to the stellar p hotosphere. At
oplical wavelengths the photospheric absorption spectra of the most. active ‘J Tauristars appear
washed out due 1o emission from a strong veiling continuum. This veiling is believed to represent
encrgy released by aceretion at the star/disk boundary layer, and can be much brighter than the
star itself at visible w avelengths (Iartigan ef al. 1991). At longer wavelengths continuuin excess
from the veiling hnninosity decreascs, but thermal emission from hot dust in the circumstellar disk
becomes an increasing and eventually dominant component of the photospherie excess. Strom el
al. (1989) have found excess emission as large as AK=- 0.6 mag above photosphericlevels from

broadband photometr y of classical I" Tauri stars. Either of these mnechanisins may produce excess
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2 gun continuui n emission in the HI, Tauri point source, and thus aflect the I magnitude estimated
above. 1. Carr has measured the the veiling of H], Tauinthe photospheric 2.3 jun CO bandhead
absorptions, and finds that 80% of the continuum emission at this wavelength derives from veiling
(personal communication). This adjusts the photospheric magnitude corrected for reflection and

veiling (but not extinction)to K= 9.2,

If this were the true photosplieric K magnitude, a 4000 K blackbody could be extrapolated
from this point to give predicted photosph eric visual magnitudes for V, R, and 1. Thesc are V =-
12.1, R= 11,2, and1=: 10.7. Along withthe observed limiting magnitudes at the stellar position,
these determine extinctions of A, > 13.4, Ap > 12.8, and Al > 12.2 at thestellar position.
Note that these are the extinctions toward the ur iscen point source. They are not applicable
to analysis of the reflection nebula photometery, where the light takes a diflerent path toward
the observer. For these V, R, 1 extinctions, standard reddening laws predict significant K band
extinctions exceeding 1.3, 1.7, and 2.1 mag respectively. 1t is dear that the ]A.\’k.)and limit provides
the strongest constraint on the l(/\i,;a11(l extinction and thus on the total luminosity, Using this
value, the corrected photospheric K magnitude would be <7.1, the expected V < 10.0, and the
equivalent Ay > 22, A 4000 K blackbody through K< 7.1 has a totalluminosity of > 3.0 1. at,
HL Tau’s distance of 140 pe; sce Fig. 4. This luminosity estimate must be considered uncertain
by 30% due to the optical and infrared variability of HI Tau{Rydgrenet al. 1984) and the
lad of simultancous photometry. It would be very valuable to havo]1igh/,‘r8solution images and
veiling measurements at other near-infrared wavelengths. This combination of data would allow
the photospheric flux to be isolated from veiling and reflection contributions as done here for K

band, and would build up an actual spectral energy distribution for the star and the veiling.

We believe that 1. > 3.0 L is the best photospheric luminosity estimmate currently available for
11 Tau. The system luminosity, which includes both the photospher ¢ and the optical veiling from
accretion, will be significantly larger. A system luminosity of 6-7 1., is indicated by the geometric
dilution induced by the reflection nebula on the luminosity estimates of previous workers. This
value is reasonably close to the bolometric system luminosity of 5.6 1., d('rived by Cohen, Kmerson,

and Beichiman (1989). The photosphere thus contributes about half the lmininosity in the system.
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Pre-main sequence evolutionary tracks run vertically in the region of the H-R diagram app ropriate
to 111, Tauri (1’ Antona and Mazzitelli 1994), aud thus the new lunninosity of 31, revises the

theoretical age of the star down to only 10° years,

11, Tau is thus significant ly younger than is typical for classical T Tauri stars in Taurus-Auriga
(ages =~ 10° years; Strom cf al. 1989; Beckwith ef al. 1990). The large extinction found toward the
star and the bright circumstellar reflection nebulosity arc reminiscent of other embedded young
starssuch as 1,15511RS5, and arc hardly typical of ‘I Tauri stars. Evidence for an infalling envelope
in HI, Tau has been derived from infrared spectral modelimg and millimeter-wave kinematics
(Calvet et al. 1 994; Mayashi ¢t al. 1993). These WEPC2 ihfag(‘s, when combined with the other

cvidence, make clear that 111 Tau is in an intermediat ¢ stage of pre-main sequence evolution

between protostarsan d classical ‘J Tauristars.

V. Conclusions

1. New WIPC2/HST observations of 111, Taurireveal that this object is actually a compact
reflection nebula at optical wavelengths. ‘Jhere is no optically visible star to alimiting magnitude

of V:25.5; thus N1, Tawri is deeply embedded in surrounding circumstellar matter.

2. The bright core of t hereflectionnebula llas an uriisual morphology which lacks symmetry
about the out flow axis. Thesharp southwest, edge of thenebula defines a disk position angle of
145° within 50 AU of the star, and shows that the diameter Of the oul flow cavity is comparable to

the disk diameter (100 AU) where the two structures meet.

3. 1 revious determinat ions of the luminosity of HI, Tauri arc obsolete. Thenew value for the

photospheric luminosity is 3.0 1., three times larger than previous estimates. This reduces the
. . ¢ . y .

theoretical age of thesystemn to just 10° years. We estimate A, >’22 mag toward the unseen point

sourcce.

11 -



4. The casc of HI. Tau suggests that other optically visible young stellar objects with large
polarizations and infrared luminosity excesses may actua lly be seen via reflection (1°v - Cep, DG
Tau, ete. ) Interpretation of the spectral energy distribut ions for such “optically visible” sources

may require revision, as suggested by Hamann and Persson (1992).

We wish to thank John Carr (Ohio State University) for providing us with a measurement,
of Il , Tau’s 2.3 micron continuum veiling. We also thank the referce for useful comments. This
work was conducted at the Jet Propulsion Laboratory, California Institute of Tech nology, and
at the Space Telescope Science Institute operated by AURA, under contracts with the National
Acronautics and Space Administration. RS acknowledges support fromn the NASA Origins of

Solar Systems Rescarch Prog ram.
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Figure Captions

Figure 1 I'late X. A logarithmic greyscale depiction of the WEPC2 F555W image of 111, Tau,
comiprared to a ground-based Vimage taken with 2“ sceing. Bot himages are 7.5” square. North
is up and cast is to theleft.

Figure 2. @ A contour map of the WFPC2 FF555W image of 111, Tau; Tl highest contour level
corresponds to a surface 1 rightness of 14.7 mag per arcsec”; the lowest, r(':()l‘}ﬁf)()n(ls to | 8.7 mag per
arcsec?, and the cont our interval is 0.5 mag per arcsec:?, 2.b) A conto -ma]/)\of the FO5OW-F814W
color distribution in the 111, Tau reflection nebula (essent i ally equiva eyt 1 o the V-1 color). The
contour interval is 0.25 mag. The data has been sinoothed over a 3x3 pixel box, and the color map
has been truncated to include only regions of good signal- t,0-noise ratio.

Figure 3. Plate X4 1: A contour map of the WIFPC2 FL55W image of 11, Tau (dark contours)
overlaid onthe 2.2 ynn contour Map of Beckwit het al. (1 989) (grey contours). Inthe 11871
image, the highest contour corresponds to a surface in'ightlicss of 14.7 mag per arcsec?, the lowest
corresponds to 18.7 mag per arcsec? , and the cont.our interval is ().5 mag per arcsec?. Beckwith’s
grey bar running at I’A=. 146¢ indicates the plane of the disk scenin molecular gas.

Figure 4. The Spectral Bnergy Distribution for HI, Tau. The photospheric K magnitude corrected
for reflection, veiling, and extinction is 7.1 (iudicated by the *). ‘1'1)( ©PCNgquares represent,
observed ground-based magnitudes from Strom et al. (1 989). Thiree bars at the top left represent
WIEPC2 photometry of the nebula; at the bottoin left,three bars represent the WFEFPC2 upper
limits to the stellar point source magnitude. The dotted lite is anunreddened 40001< blackbody;
the solid line represen ts this blackb ody reddened by Ay = 22 m ag, which is the minimum extinction
required to be consistent with the observed magnitude limits,
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Young Star

WEPC2 FSSSW image by Stapelfeldt et al.
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